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OXIDATION STUDIES ON COKING COAL RELATED TO WEATHERING 

Part 11: The Distribution of Absorbed Oxygen in the Products Resulting 
from the Pyrolysis of Slightly Oxidized Coking Coal 

by. 

B. S. Ignasiak", D. V. Clugston"" and D. S. Montgomery*** 
- - -  

INTRODUCTION 

In the previous paper (1) of this series, the reduction of the 
dilatation of coking coal caused by oxidation in air (2) was studied in 
connection with the development of a more sensitive and a more generally 
applicable method of detecting trace oxidation of coal. It was found inter 
alia, that for Moss 3' coal, the decrease in dilatation was a very sensitive 
indicator of the degree of oxidation. The total oxygen content, measured by 
neutron activation, was 8.55%. A relatively insignificant increase in the 
oxygen content of this coal by an additional 0..2% to 0.4% caused a decrease 
of the dilatation from 15% to 25%. The exposure of a minus 20-mesh, fresh 
sample of this coal for three days in the laboratory, at room temperature 
caused a marked decrease (5% to 10%) in the dilatation. An increase of the 
oxygen content in this coal by approximately 1 .3%,  bringing the total to 
9.85%, caused the complete disappearance of both coking and dilatation 
properties. This level of oxygen content was reached after air oxidation of 
this coal in an oven at 100°C for 7 2  hours. 

There are some differences of opinion on the subject of the mechanism 
of the low-temperature oxidation of coal. However, on the basis of a number 
of papers ( 3 ,  4 ,  5, 6 ) ,  the conclusions are that low-temperature oxidation 
from a chemical point of view leads only to: 

1. An increase in the reactive oxygen groups (-OH, - COOH, C=O). 
2 .  A small decrease in the aliphatic and alicyclic carbon and 

hydrogen content of coal. 

+ASTM Classification, high-volatile A bituminous coal, International 
Classification of Hard Coals 535. 
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It was the re fo re  o f  cons iderable  i n t e r e s t  to examine i n  g r e a t e r  d e t a i l  

It seemed 
the  manner i n  which small changes i n  the  reactivq-oxygen groups a f f e c t  c e r t a i n  
physicochemical p r o p e r t i e s  of coking .coal,  f o r  i n s t ance ,  d i l a t a t i o n .  
to u s  t h a t  any l i g h t  t h a t  could be shed on t h i s  problem would be of g rea t  s ig -  
n i f i cance  from t h e  po in t  of view of understanding the ro l e  of oxygen i n  the  
chemistry of the coking process .  This inves t iga t ion  was therefore  a imed  a t  
c l a r i f y i n g  c e r t a i n  a spec t s  of t h i s  problem. 

EXPERIMENTAL 

The inves t iga t ions  were conducted mainly on Mass 3 c o a l ,  though 
Itmann coal- was occas iona l ly  used. 

Samples of t he  f r e s h  coa l s ,  which w e r e  de l ive red  d i r e c t l y  from the  
mines, were grobnd i n  an  argon atmosphere to pass  the 200-mesh (Tyler) sc reen .  
Each was oxidized i n  t h e  two following ways: 

by using atmospheric a i r ,  and 

by using l abe l l ed  oxygen ( 0 ~ ~ ~ ) .  

The oxida t ion  by atmospheric oxygen was performed e i t h e r  i n  an oven 
(100" f o r  seventy-two hours ) ,  or by use o f  an  I R  lamp (25OW) under the conditions 
described i n  a previous paper (1) .  

Oxidation by l a b e l l e d  oxygen w a s  c a r r i e d  o u t ,  a s  follows: 

A 10.5-g por t ion  of Moss 3 coa l  w a s  placed i n  a 250-ml Erlenmayer f l a s k .  A 
gas - t igh t  one-way c a p i l l a r y  stopcock was  then sea led  t o  t h e  top of the f l a s k .  
The sample w a s  evacuated f o r  t h ree  hours a t  room temperature. Then the  temper- 
a t u r e  w a s  ra i sed  t o  70°C and the  evacuation continued u n t i l  the  in s ide  pressure  
dropped t o  0.2 mm of Hg. A t  t h a t  t i m e ,  100 m l  o f  l abe l l ed  oxygen (99.85% by 
volume of 02l8) w a s  in t roduced ,  followed by an  equal  volume of argon. 
c a p i l l a r y  stopcbck w a s  c lo sed  and the  f l a s k  was  sea led  below the  stopcock t o  
completely exclude t h e  in t roduc t ion  o f  atmospheric oxygen. The sealed f l a s k  
was subsequently placed i n  an  oven a t  100°C f o r  seventy-two hours.  The con- 
cen t r a t ion  of O I 8  i n  such oxidized c o a l  w a s  0.66% by weight.  
ox id iz ing  t h e  coal with 0 2 l 8  i s  r e fe r r ed  to  as oxy-018 coa l .  

The 

The product a f t e r  

The coal samples, which were oxidized b y  use of atmospheric oxygen 
o r  an IR lamp, w e r e  pyrolyzed under vacuum i n  the  manner prev ious ly  described 
(l),  except t ha t  the  t o t a l  t i m e  o f  py ro lys i s  was increased from t en  minutes 
to  f i f t e e n  minutes. The pyro lys i s  experiments w e r e  conducted by hea t ing  
successive s a m p l e s  o f  coa l  t o  success ive ly  h igher  temperatures,  a t  i n t e r v a l s  
of apprcximately 50"C, over  t h e  range of temperature 350°C to  800°C. 

%STM C l a s s i f i c a t i o n ,  low-vola t i le  bituminous c o a l ,  I n t e r n a t i o n a l  C l a s s i f i c a t i o n  

The 

o f  Hard Coals 333. 



- 9 7 -  

content of carbon dioxide and carbon monoxide was analyzed in the pyrolysis 
gas evolved up to a given temperature using a Fisher Partitioner with a double- 
column hexamethylphosphoramide on Chromosorb P, followed by Linde molecular 
sieve 13X. 
carrier gas at a flow rate of 40 mlJmin, 

Helium, with a thermal conductivity detector, was used as the 

Identical experiments were conducted on samples of fresh unoxidized 
Moss 3 coal. The results are presented in Figure 1, which shows the difference 
between fresh and oxidized coal with respect to the oxygen evolved, in the 
form of CO and C02 per gram of coal, as a function of the final temperature of 
pyrolysis. 
in a manner that excluded oxidation by atmospheric oxygen. 
the coal samples were transferred to the vacuum-pyrolysis apparatus described 
previously (l), and pyrolyzed in the temperature range 450" to 950°C. 
concentrations of C0l6, COz16, C0l8, C016018 and CO2l8 in the pyrolysis gases 
were determined by a CEC 21-104 Mass Spectrometer. 

The cokes obtained from the pyrolysis of 0 x y - 0 ~ ~  coal under a vacuum 

The pyrolysis of Moss 3 coal, oxidized with 0218, was conducted 
After oxidation, 

The 

at temperatures from 100" to 950" were subjected once more to a pyrolysis 
process at a temperature of 1050°C. 
of pyrolysis were then converted to carbon monoxide by use of a lampblack- 
nickel catalyst. The pyrolysis and conversion were conducted using the method 
described previously (7), with the exception that the composition of converted 
gas was analyzed by mass spectrometer. 
accuracy in determining the concentration of Cola and C016, it was necessary 
to analyze the content of C2H6 and C2Q in the gas samples from the direct 
pyrolysis of oxy-018 coal. The contents of ethane and ethylene were determined 
using a chromatograph (Aerograph 1500 equipped with a flame-ionization detector 
and a copper column, 0.25-inch I D  by 30 feet length and one-quarter inch diameter, 
packed with silicone DC 200 on Chromosorb P). 
was 33 m1Jmin. 

All oxygen-containing gaseous producfs 

To obtain the necessary level of 

The flow rate of nitrogen used 

RESULTS AND DISCUSSION 

Interesting information can be derived from Figure 1, concerning the 
influences of the two methods of oxidizing coal (IR lamp or oven at 100°C) on 
the differences in yield of oxygen, in the form of C02 and CO, in the result- 
ing gaseous products from the pyrolysis of the oxidized coal (oxycoal). 
conditions were selected so that the amount of oxygen absorbed by each coal 
during oxidation was the same for both methods of oxidation. 
temperature of pyrolysis, more oxygen in the form of C02 and CO was evolved 
per gram of coal when samples were subjected to photo-oxidation under the IR 
lamp than if they were oxidized in the oven. For the samples p oto-oxidized 
by R 1 
02 C02 +CO) = a constant are relatively clear, and can be determined as 
65Q°C for Itmann coal and 752°C for Moss coal. A similar plateau cannot be 

The 

At a given 

3 p, the temperatures of pyrolysis for which 0; = 02 + CO) - tresi? 
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found i n  t h e  case  of t h e  oxida t ion  of t he  c o a l s  i n  a i r  i n  an oven a t  100°C. 
It w i l l  a l s o  b e  observed t h a t  t he  amount of oxygen evolved i n  the  form o f  C02 
and CO during p y r o l y s i s  o f  t he  samples, oxidized a t  l O O " C ,  was  much lower than 
t h a t  when oxidat-ion w a s  conducted by use of an I R  lamp. 
of t h i s  is tha t  a cons iderable  amount o f  oxygen absorbed by coa l  oxidized 
during the  process of ox ida t ion  a t  1OO"C, w a s  later evolved i n  the  form of 
w a t e r  or linked with t h e  tar dur ing  the  subsequent pyro lys i s  of t h i s  oxycoal. 
The shapes of the appropr i a t e  curves i n  Figure 1 suggests t h i s  p o s s i b i l i t y .  

A poss ib l e  explanation 

The i n v e s t i g a t i o n s  t o  fo l low w e r e  l imi ted  t o  Moss 3 coa l  which was 
se lec ted  f o r  t h e  ease wi th  which t h i s  coa l  ox id izes  and f o r  i t s  f l u i d  charac te r .  
l abe l l ed  oxygen, 0218, w a s  used f o r  the oxida t ion  of t h i s  coa l  a t  100°C, a s  
prev ious ly  described. It was assumed that the  mechanism of t he  oxida t ion  o f  
Moss 3 coa l  a t  100°C would resemble a somewhat acce lera ted  weathering process. 
The advantages o f  this  method of ox ida t ion  w e r e  t h a t  even though the coa l  was 
but  s l i g h t l y  oxid ized ,  s i m i l a r  to weathered coa l ,  it w a s  s t i l l  poss ib l e  to  
i d e n t i f y  and determine, with p rec i s ion ,  the  low concent ra t ions  of products,  
such as ,  CO1*, C0z18, C0l8O16 and H2018. 
pyro lys i s  of 0 x y - 0 ~ ~  coa l  are presented i n  Table I. 
g raph ica l ly  i n  Figure 2 t o  show the  d i f f e r e n t  manner i n  which t h e  gases  a r e  
evolved. 
pyro lys i s  reaches the h ighes t  va lue  a t  450°C and remains on the  same l e v e l  
during successive p y r o l y s i s  experiments a t  h igher  temperatures,  r i g h t  up to 
950°C. 
of 0 x y - 0 ~ ~  coal s e e m s  t o  be  s t rong  evidence t h a t  some oxygen groups,  c rea ted  
during oxida t ion  of t h i s  c o a l ,  decompose completely to  C02l8 o r  C0l8O16 below 
450°C. 

The r e s u l t s  obtained d i r e c t l y  from 
These d a t a  a r e  presented 

The amount of 0l8 i n  t h e  form of CO218 and C018016 i n  gas  from 

The manner i n  which the  CO218 and ~ 0 1 8 0 1 6  are evolved dur ing  pyro lys i s  

The continuous increase of 018 evolved i n  the  form of C0l8 may be 
observed i n  Figure 2 ,  du r ing  the  increase  of t he  temperature o f  py ro lys i s .  
The shape of the curve o f  evolu t ion  of 018 i n  the  form o f  C 0 l 8  i s  s i m i l a r  to 
t he  analogous curve f o r  C 0 l 6 .  
a t u r e s  of py ro lys i s ,  the r e l a t i v e  amount of evolved C 0 l 8  i s  much h igher  than 
f o r  ~ 0 1 6 .  

However, even he re ,  e s p e c i a l l y  a t  lower temper- 

The r e l a t i v e l y  h igh  concent ra t ion  o f  combined 0l8 i n  t h e  gaseous 
products o f  low- temperature py ro lys i s  agrees with the  independently measured 
rap id  decrease of 018 i n  t h e  r e s u l t i n g  coke, as shown i n  Figure 3. 
by weight of 0l8 p re sen t  i n  oxy-018 coa l  i s  removed dur ing  py ro lys i s  o f  t h i s  
coa l  a t  40OoC. Only about 14% of 016 is  removed from t h e  same coa l  during 
pyro lys i s  a t  400°C. 
temperature reached 430"C, which i s  the  temperature of maximum cont rac t ion  
of Moss 3 coal,  a r ap id  decrease  i n  the  concent ra t ion  of 0l8 and 016 i n  s e m i -  
coke occurred. 

About 60% 

It w i l l  a l s o  be  observed i n  Figure 3 t h a t  when the pyro lys is  

I 

I 

The evidence from the  py ro lys i s  of 0 x y - 0 ~ ~  c o a l ,  presented in  Figure 4 ,  
showed t h a t  the main p a r t  of 0l8 occurs i n  the  py ro lys i s  product we may cal l  
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" t a r  +water".  
balance derived from the r e s u l t s  previously presented i n  Tables 1 and 2. 
ma te r i a l  balance was based on the  quan t i ty  of coke and gas produced per gram 
of c o a l ,  the  experimental concentrat ions of 0l8 i n  the coke and gas ,  and the  
measured i n i t i a l  amount of 0l8 i n  oxy-0l8 coal  before  py ro lys i s .  The d e t e r -  
mination of  0l8 i n  the coke and gas r equ i r e s  some add i t iona l  comment. 
determination of Ol8 i n  coke, the  method described i n  t h e  e a r l i e r  paper (8) 
was app l i ed ,  with t h e  exception tha t  the concentration of C0l8 i n  converted 
gas was determined by mass spectrometry on the  b a s i s  of t h e  peak a t  e 30. 
The concentrat ion of C2H6,'in t h e  converted gas ,  was found by gas  chromatography 
t o  be less than by volume. So, t h e  in t e r f e rence  by t h i s  c o n s t i t u e n t  a t  m e 30 should not be a s e r ious  matter.  When the  concentrat ions of C0l8 and C 0 l 6  
i n  gas from d i r e c t  py ro lys i s  of 0 x y - 0 ~ ~  coal  were determined, t h e  concentrat ions 
of C2H6 vere measured i n  the  gas samples from each py ro lys i s  experiment by gas 
chromatography . 

The da ta  presented in  t h i s  f i g u r e  were obtained from a ma te r i a l  

i\ This 

For the 

. 
m 

The r e s u l t s  obtained were taken i n t o  account t o  f ind  t h e  proper 
I concentrat ions of C 0 l 8  from mass spectrum. From t h e  precaut ions taken and the 
I 

I 
l e v e l  of r ep roduc ib i l i t y ,  i t  was considered t h a t  the  concentrat ions of 0l8 
found i n  coke and gas ,  a s  shown i n  Figure 4 ,  were character ized by a r e l a t i v e l y  
high l e v e l  of accuracy. 
+ w a t e r  owing t o  i t s  r e l a t i v e  magnitude, should l ikewise have comparable accuracy. 
It i s  necessary t o  stress the importance of t h i s  accuracy, due t o  t h e  s ign i f i cance  
at tached to the  oxygen present  i n  the  tar i n  determining t h e  coking p rope r t i e s  
of c o a l ,  and due to the  su rp r i s ing ly  high concentrat ion of 0l8 i n  t a r  + water 
obtained from pyrolysis  a t  450°C. 
the  t a r  +wa te r  of about 3.8% t o  4.0% by weight. In s p i t e  of t h e  f a c t  t h a t  the  
t a r  +water consis ted only of about 10% by weight of 0 x y - 0 ~ ~  c o a l ,  i t  contained 
approximately 609, of a l l  0l8 absorbed by t h i s  coa l  during ox ida t ion .  On the  
o the r  hand, the concentrat ion of 0l8 i n  the semicoke from pyro lys i s  a t  450°C 
i s  r e l a t i v e l y  s m a l l ,  t h a t  is, 15% of t h e  l abe l l ed  oxygen e x i s t i n g  i n  0 x y - 0 ~ ~  
coa l ,  which i s  approximately 0.08% t o  0.1% by weight of coke. 

Therefore,  the ca l cu la t ed  concentrat ion of 0l8 i n  t a r  1 

This amounts t o  a concen t r a t ion  of 0l8 i n  

The observation t h a t  t h e  h ighes t  concentrat ion of 018 was found i n  
the  p a r t  of the organic  mat ter  of c o a l ,  which cracks t o  produce t a r  + water 
during low-temperature py ro lys i s ,  appears t o  be cons i s t en t  w i th  the  v i e w  tha t  
t h i s  p a r t  of the  oeganic matter of coal  can be roughly i d e n t i f i e d  with the 
most ex t r ac t ab le  p a r t  of coal.  
i s  responsible  f o r  coking p rope r t i e s  (8.9). 

This f r a c t i o n ,  in the  opinion of many au tho r s ,  

Remvacek ( 9 )  has found that the  oxidat ion of coking coa l  can cause 
the change of the  chemical cha rac t e r  of i ts  chloroform e x t r a c t ,  which becomes 
s imi l a r  t o  the  chloroform e x t r a c t  from non-coking coa ls .  In t h i s  paper,  by 
q u i t e  a d i f f e r e n t  rou te ,  i t  has  been found t h a t  r e l a t i v e l y  s l i g h t  oxidat ion 
of coal  causes the l a r g e s t  changes, measured by inc rease  of oxygen, i n  the  
p a r t  of the coking coa l ,  which can m o s t  e a s i l y  be cracked during heat ing t o  
form t a r .  
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It seems h i g h l y  u n l i k e l y  t h a t  the mild condi t ions  of ox ida t ion  appl ied 
i n  t h i s  research could b a s i c a l l y  change the s t r u c t u r e  of the t a r  por t ion  of 
t h i s  c o a l  o ther  than t h a t  a number of  reactive-oxygen groups were introduced. 
Berkowitz (8) suggests  t h a t  the oxygen i n  the form of  COOH o r  OH groups cannot 
cause t h e  change of  coking proper t ies  of c o a l .  Though a s l i g h t  increase  of 
these  groups. during o x i d a t i o n  of  c o a l ,  can probably not br ing about - by 
i t s e l f  - so marked a change i n  the  physico-chemical p r o p e r t i e s  of coa l ;  never- 
t h e l e s s ,  there  appears  t o  be a s t rong p o s s i b i l i t y  t h a t  the  thermal decomposition 
of  the OH groups, c rea ted  during oxida t ion ,  r e s u l t s  i n  the  formation of  e ther -  
type  c r o s s l i n k s  of  very  cons iderable  thermal s t a b i l i t y .  A very s m a l l  number 
of  such bonds can s t i f f e n  t h e  whole s t r u c t u r e ,  and decrease the  p l a s t i c  proper t ies  
of  coa l ,  e s p e c i a l l y  the  d i l a t a t i o n .  The ta r  f r a c t i o n  i s  of  s p e c i a l  s ign i f icance  
as  a p o t e n t i a l  source of  e t h e r  bonds, because of the high content of oxygen 
shown to be introduced i n t o  t h i s  f r a c t i o n .  Creation of  c ross l ink  e t h e r  bonds 
should be  accompanied by t h e  evolut ion of water ,  i n  our  case ,  H20I8. 
found by mass spectrometry t h a t  t h e  r a t i o  H2018/H2016 possessed the highest  
va lue  when the p y r o l y s i s  experiments were conducted a t  the  lowest temperatures, 
Table 3 .  
( i n  gaseous s t a t e ;  760 nun o f  Hg; 20°C) w a s  evolved during pyro lys i s  of  0 x y - 0 ' ~  
c o a l .  
a s  the  r e s u l t  of  the  condensation of  such groups a s  R 1  - 0168 and HO18 - R 2 ,  
t h i s  means t h a t  t h e  volume of  gaseous w a t e r  a t  760 mm of Hg and 20°C evolved 
from condensation r e a c t i o n s  leading t o  the  disappearance of  d i l a t a t i o n  p r o p e r t i e s  
w i l l  be approximately one m l .  It can be concluded from t h i s  observat ion t h a t  
o n l y  about 1 2 %  of  t h e  t o t a l  l abe l led  oxygen absorbed during oxida t ion  i s  res- 
ponsible  f o r  t h e  l o s s  of  d i l a t a t i o n  r e s u l t i n g  from the  e t h e r  bonds. It should 
be mentioned t h a t  the  propor t iona te  increase  of non-react ive oxygen groups 
( e t h e r  groups) i n  cokes, t h a t  occurs  on low-temperature pyro lys i s  has been 
noted by o t h e r  s c i e n t i s t s  ( 1 0 , l l ) .  This seems t o  be s u b s t a n t i a l ,  though not 
s u f f i c i e n t  confirmation of  our  hypothesis  t h a t  i t  i s  not  the OH groups per  se 
t h a t  cause the loss of  swel l ing  p r o p e r t i e s  bu t  t h e  f a c t  that  these groups undergo 
condensation r e a c t i o n s  as t h e  temperature i s  elevated t o  y i e l d  e t h e r  type c ross  
l inks.  The search f o r  a d d i t i o n a l  support f o r  t h i s  hypothesis  w i l l  be t h e  purpose 

It w a s  

Mass spectrometry a l s o  revealed t h a t  approximately 0.5 m l  o f  H2018 

Since t h e r e  e x i s t s  t h e  same p r o b a b i l i t y  of  evolut ion of H 2 0 I 8  as H 2 0 I 6  

o f  

1. 

2. 

3 .  

4 .  

the  next  paper of  t h i s  ser ies .  
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